Journal of Engineering Sciences, Assiut University, Vol. 34, No. 1, pp. 107-121, January 2006

ROBUST CONTROL OF A WIND DRIVEN INDUCTION
GENERATOR CONNECTED TO THE UTILITY GRID

A. A. Hassan ; Yehia S. Mohamed ; A. M. Kassem
Faculty of Engineering, Electrical Engineering Department, El-Minia
University, Minia, Egypt

Ali M. Yousef
Faculty of Engineering, Electrical Engineering Department., Assiut
University, Assiut, Egypt

(Received September 8, 2005 Accepted October 29, 2005)

This paper investigates the use of the linear quadratic Gaussian
controller to control the voltage and frequency of a wind energy
conversion scheme. This scheme cosists of a wind turbine and induction
generator connected to the utility grid via AC-DC-AC asynchronous link.
The control objective aims to regulate the rectifier output voltage and
track the maximum available wind power. This is accomplished via
controlling the firing angles of the rectifier and the inverter. The complete
nonlinear dynamic model of the system has been described and linearized
arround an operating point. The standard Kalman filter technique has
been employed to estimate the full states of the system. The computational
burden has been minimized to a great extent by computing the optimal
state feedback gains and the Kalman state space model off-line. The
proposed controller has the advantages of robustness, fast response and
good performance.

The wind energy scheme with the proposed controller has been tested
through a step change in wind speed. Simulation results show that
accurate tracking performance of the proposed wind energy scheme has
been achieved. Moreover, this scheme is robust against the parameters
variation and eliminates the influence of modeling and measurement
noises.
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control
NOMENCLATURE
Vass Vs d-q stator voltages,
Lygolys d-q stator currents,
P d-q rotor currents,

107



108 A. A. Hassan ; Yehia S. Mohamed ; A. M. Kassem and Ali M. Yousef

R, R, stator and rotor resistances per phase

L.,L.,L, stator, rotor and magnetizing inductances

C, self excitation capacitance per phase

o, Angular stator frequency of the induction generator

o, Angular rotor speed (electrical rads/s) of the induction
generator

J moment of inertia

f friction coefficient

p differential operator d/dt

L, DC-link inductance

R, DC-link resistance

Oy, firing angles of the converter and inverter.

Vacons Vgeon d-q input voltage of the converter.

Licons Lycon d-q input current of the converter.

I, DC-link current.

Vi inverter output voltage

P number of pole pairs

1. INTRODUCTION

In recent years, there has been growing interest towards the utilization of wind
energy in the generation of electric power. In most cases, induction generators are used
due to their high reliability, low price, ruggedness, and reduced maintenance costs. One
of the simplest methods of running a wind generation system is to use an induction
generator connected directly to the utility grid. This is very common method of
operation which forces the machine to run at constant frequency and therefore at nearly
constant speed. In such systems, it is difficult to control the flow of reactive power and
so the grid voltage level [1]. Therefore it is desirable to operate a wind turbine at
variable wind speeds. In this case, the turbine is able to operate at its maximum power
producing point for a given wind speed.

Various control strategies have been proposed for regulating grid voltage and /
or achieving optimal out of the turbine. In some schemes, the wind turbine drives an
induction generator connected to grid through a static converter [2-3]. Other control
schemes use search methods that vary the speed until optimal power is obtained [4-5].
However, these techniques have the difficulty of tracking the wind which will cause
additional stress on the shaft.

Recently, advanced control tehniques, which were applied successfully on the
machine drives, have been proposed for regulating the wind power in a grid connected
wind energy conversion scheme. They include variable structure control [6-7], direct
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power control using space vector modulation [8-9], fuzzy control [10], and vector
control [11]. In these methods, the speed feedback may be necessary to avoid instability.
Moreover, wind velocity information may be needed as well. Also, the key point of
direct power schemes is a correct and fast estimation of the active and reactive power as
well as fast PI controllers.

This paper presents the voltage and frequency control of a wind driven
induction generator connected to the utility grid via an asynchronous AC-DC-AC link.
The nonlinear dynamic model of the wind energy system has been described and
linearized around an operating point. The Linear Quadretic Gaussian ( LQG )
controller has been employed to regulate the DC voltage at the rectifier output and to
track maximum available wind power. This is achieved by controlling the firing angles
of the converter and inverter respectively. The structure of the LQG consists of a
Kalman filter estimator and optimal state feedback gains. The Kalman estimator uses
the measured d-q stator current components in order to estimate all the system states
including the d-q rotor current components, generator angular speed, d-axis generated
voltage, DC link current, rectifier and inverter firing angles. These states are multiplied
by the corresponding optimal gains and summed to produce the necessary control
signals.

Computer simulations have been carried out in order to validate the
effectiveness of the proposed scheme. The results proved that the proposed controller
can give better overall performance regarding to high estimation accuracy, quick
recover from wind speed disturbance in addition to good tracking ability.

2. SYSTEM DESCRIPTION

Figure 1 shows a wind energy system connected to the utility grid via an
asynchronous AC-DC-AC link. It consists of a vertical axis wind turbine, driving a self
excited induction generator. The asynchronous link consists of a six pulse line
commutated converter, a smoothing reactor, and a six pulse line commutated inverter.
This system essentially converts the variable voltage variable frequency voltage at the
induction generator terminals to constant voltage constant frequency at the grid
terminals. The DC link decouples the induction generator and the utility systems such
that each system operates at its own frequency. This enables the induction generator to
operate over a wide speed range. The flow of power across the DC link can be
controlled by adjusting the firing angles of the controlled rectifier and the inverter.

3. SYSTEM DYNAMIC MODEL

The dynamic models of the different parts of the system can be described as follows :

3.1 Wind Turbine Dynamic Model

The wind turbine is characterized by nondimensional curves of the power
coefficient C, as a function of both the tip speed ratio, A and the blade pitch angle, £ .
In order to fully utilize the available wind energy, the value of A should be

maintained at its optimum value. Hence, the power coefficient corresponding to that
value will become maximum also.
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The tip speed ratio A can be defined as the ratio of the angular rotor speed of the wind
turbine to the linear wind speed at the tip of the blades. It can be expressed as follows:

A=wRIV, (1)

Where R is the wind turbine rotor radius, V, is the wind speed and @, is the
mechanical angular rotor speed of the wind turbine.

The output power of the wind turbine, can be calculated from the following equation
[10]:

P, =05pAC,V; (2)
Where p is the air density, and A is the swept area by the blades.

Also, the torque available from the wind turbine can be expressed as :

— 2
T, =0.5pARC V2 /2 (3)
Rectifier Inverter
DC Link
Input ~V\ Output
Induction transformer - V. ‘transformel

Win.d gengj tor/_ DC iny
turbine! O \ v, v, i
‘ - l lin wl

Utility grid

Fig. 1: Schematic diagram of the proposed wind energy system.

3.2 Induction Generator Dynamic Model

The dynamic behavior of the induction generator in the d-q axis synchronously
rotating reference frame is given by [12] :

piqs = _Rs Aliqs - (a)s + AQa)mLm )ids + Rr AZiqr - Al a)eridr (4)

piy =(o, +Ao,L )i, —RAi, +RA), +Ao,Li, —Av, ®)

m*—m"qr



ROBUST CONTROL OF A WIND DRIVEN INDUCTION.... 111

piqr = RSAQiqs + AZG)mLsids - A3iqr + (_a)s + Ala)mLs )idr (6)

pi, =—A,0,Li +RA, +(w —Aw,L, )iqr —Asi, +Aw, @)

m—s"qs

Where v, =0, due to the choice of axis alignment, and

K =L KLL -L), K,=L,(LL,-L,), and K,=R (1+A,L,)/L,
The rotor speed w,, is governed by the following differential equation :
T,+T,=0p+ fw,!P (8)

Where T, is the input torque from the prim-mover, and 7, is the electromagnetic

I

torque representing the load on the induction generator (7, is negative for generator

action ) which is given by :
T, =1.5PL, sl = Lgslyr) )]
Equations (8) and (9) are combined as

po, =(—fo, +PT, +1.5P°L (i i, —i, i, )/J (10)

qr

3.3 Asynchronous Dc Link Model

The asynchronous DC link ( used to interface the wind energy system to the
utility ) consists of a six pulse line commutated converter, a smoothing reactor, and a
six pulse line commutated inverter. An isolating transformer of turns ratio 1:n
interconnects the induction generator to the converter. Neglecting the resistance and
leakage reactance of the isolating transformer, the various ac quantities on the primary
and secondary sides can be related by:

Vaeon =MW as s Vaeon =MWVys s lyeon =lg I s gy =1y /1 (11)

gcon qs qgcon

Assuming the converter is lossless, the instantaneous power balance equation

(v, =0, due to the choice of axis alignment ) :

gcon

3 .

N Vdconldcon = VRIDC (] 2’)

2
Where V, is the DC voltage at the converter output terminals which can be written
as:

343
V.="—=nv, cosa, (13)
T

The ac and dc currents of the converter are related by :

23

icon = (i;con + ijcon) = TIDC (14)
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Neglecting the commutation overlap, the d-q converter currents can be deduced using
equations (12-14) as :

Licon = Leon COS Ol py 271DC COS g (15)

gcon

. . 2/3 .
pon = "loon SINQ = ———1, sina, (16)
V4
Referring to Fig. (1), the dynamics introduced by the DC link is given by:
LpcpPlpe + Rpclpe =V =V, )
Where V, is the DC voltage at the inverter input terminals which can be expressed as :

3x,,
V, = —ﬂv. cos +LIDC (18)
T b2

my

Combining equations (12), (17), and (18) the following equation can be obtained :

343 343 3x .
plye =Ryl +—\/_ nv,, cos oy +—\/_ v, cosa, — e I,-)/ Ly (19)
T T T

3.4 Self Excitation Capacitor Model

Referring to the d-q equivalent circuit of the self excitation capacitor shown in
Fig. 2, the following differential equations can be written as:

I,

qc
DPVyy =~ = @OV, (20)
q CO d
idc
PVys = + a)s Vqs (21)

0

Since, v, = 0, due to the choice of axis alignment, equations (18-19) can be rewritten

as:
i
o, =—" (22)
Covys
pv,, =t (23)
CO

Referring to Fig. (2), the values of i 4o and i, canbe written as:
lqc = lqs - lql ’ ldc = lds - ldl (24)

Equations (11, 14 and 15) are combined with equation (22) as :



ROBUST CONTROL OF A WIND DRIVEN INDUCTION.... 113

by la gs ql

-
VdST C idc vqs T c lqc
S ]

2
i :i,+£nchsinaR , idL,=ids—£nIDCcosaR (25)
7

Substituting the values of i 4o and i,. from equation (25) into equations (22) and (23)

would give :
243 .
I+ ——nlpsina,
o, = Za (26)
Covas
243
i, ————nl,.cosay
/4
v, = (27)
PV, C,

Equation (26) can be used to determine the electrical frequency of the voltage
generated by the induction generator.

3.5 Voltage Regulator Model

The DC voltage at the output of the converter terminals can be regulated by
controlling the firing angle ¢, as described in the following differential equation :
3V3

V=V, —Tnvds CoS Oy,

po, =V

ref

where V, . is the reference voltage of the converter output.

3.6 Power Regulator Model

The power output of the converter ( power delivered to the asynchronous AC-
DC-AC link by the wind energy system ) can be adjusted via controlling the inverter

firing angle ¢, according to the following differential equation :

pa, :PWf—P = Pef—(¥nvdscosaR)1Dc

Y

where P, is the reference power at the output of the converter.
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3.7 Complete System Model

The subsystem models can be interfaced to form the unified nonlinear model
after substituting @_ from equation (26). The complete system model can be described

as :
. 233 .
I, +——nlpcsina,
piqv = _RsKliqs _( x + K a)mLm)ldv + RrK2iqr - Kla)eridr (28)
‘ CoVys ‘
i,,+——nlp sina,
pi, = ( ”C : +K,0,L,)i, —RKi,+RK), +Kao,L,i, -Kv, (29
0"ds
.23 .
I, +——nlp.sinay
pi, =R K,i +K,0,Li, —Ki, +(- 3 +K,w,L)i, (30)
CoVas
[, +——nl,.sina,
piy, =—K,0,Li, +RK,i, +( 4 -Ko,L)i,—Kii, +Kyv, (31
0Vds
po, =(—fo, +PT, +1.5P°L, (i i, —i, i, )/J (32)
. 243
i, ———nlpy.cosa,
PV, = £ (33)

o

3v3 343 3x..
pl,c =(=Rp-1,c +——nv, cosa, +—v, cosa, — Yei I,-)/ Ly (34)
T T

V2
pag =V, —Vi=V  ———nv, cosa, (35)
V2
3V3
pa,=F,—-P=P, _(7”‘% cosap)l (36)

4. CONTROL STRATEGY

In this paper, the LQG controller has been proposed to control a wind energy
system connected to the utility grid via an asynchronous AC-DC-AC link. The LQG is
a modern state space technique for designing optimal dynamic regulators. It has the
following advantages :

1) It enables to trade off regulation performance and control effort.
2) It takes into account the process disturbance and measurement noise.
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The main control objective is to regulate the DC voltage at the output of the
converter and to track and extract maximum available wind power. This is achieved
by controlling the firing angles of the converter and inverter respectively.

The LQG controller proposed for controlling the wind energy conversion scheme
is based on the state space linear model of the system. Therefore, the nonlinear model
of the complete system is linearized arround an operating point. The linearized model
has the following state matrix form :

px=Ax+Bu, y=Cx

where x=[Ai, Ai, Ai, A, Ao, Av, Al,. Aa, Aa]" |

qr
7
u=[av, ap,J |
A= [ai,. ] isa 9 x 9 matrix where the elements a; are written in appendix (A) .

The LQG controller consists of an optimal state feedback gain “k” and a
Kalman state estimator. The optimal feedback gain is calculated such that the feedback
control law u# =—kx minimizes the performance index :

H = T(xTQx+ uTRu):lt
0

where Q and R are positive definite or semi definite Hermittian or real symmetric

matrices. The optimal state feedback u =—kx is not implementable without full state
measurement. In our case, the states are chosen to be the perturbations in stator and
rotor current components, speed, stator voltage, DC current, rectifier and inverter firing
angles. The stator current components are chosen to be the only output measured
signals. The Kalman filter estimator is used to drive the state estimation :

A

. . . . T
x:[Aqu Alds Alqr Aldr Aa)m Avds AIDC AaR ACI[] .

such that u =—k x remains optimal for the output feedback problem. The state
estimation is generated from :

px=(A—Bk—LC)x+ Ly

Where L is the Kalman gain which is determined by knowing the system noise
and measurement covariances (J, and R,. However, the accuracy of the filter’s

performance depends heavily upon the accuracy of these covariances. On the other
hand the matrices A and B containing the motor parameters are not required to be
very accurate due to the inherent feedback nature of the system. Fortunately, the
Kalman filter performs best for linear systems. The optimal state feedback gains and
the Kalman state space model have been calculated off-line which results in great
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saving in computational burden. On this basis, the implementation of the proposed
controller becomes easier and the hardware will be reduced to minimum.

5. SYSTEM CONFIGURATION

The block diagram of the wind energy conversion system with the proposed LQG
controller is shown in Fig. 3.

The LQG controller contains the Kalman state estimator in addition to optimal
state feedback gains. The Kalman estimator uses the measured d-q stator current
components in order to estimate all the states including the d-q rotor current
components, generator speed, d-axis generated voltage, DC link current, rectifier firing
angle, position and load torque. These states are multiplied by the corresponding
optimal gains and summed to produce the control signals necessary to regulate the DC
voltage at the output of the converter and to track and extract maximum available wind
power.

The entire system has been simulated on the digital computer using the Matlab /
Simulink / Powerlib software package. The specifications of the system used in the
simulation procedure are listed in appendix (B)[12].

The noise and measurement covariances are set as :

Q, = diag(10,10) , R =diag(1,1)

Also, the values of ( and R matrices which are necessary to calculate the optimal
feedback gains are setas: Q =diag (4001111 1000), R =diag (0.0003 0.0003).

Rectifier Inverter
DC Link
Input ~ Y Output
Induction transformer - ,transformen

inv

Wind generalor Toc
turbine‘_['_@ \ V, v, L
L l l:in

n,:1

Axes
rotation

| iy

vy ¥

-k [« Kalman Filter

A A

Utility grid

Fig. 3: Block diagram of the wind energy conversion system with
the proposed LQG controller.
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6. RESULTS

Computer simulations have been carried out in order to validate the
effectiveness of the proposed scheme. The performance of the proposed system has
been tested with a step change in wind speed. Figure 4 shows the dynamic responses
of the induction generator electrical rotor speed, input torque, rectifier output voltage,
DC link current, rectifier output power, and the firing angles for both rectifier and
inverter. It has been noticed in the figure that as the wind velocity increases from 6.4
m/sec. to 6.5 m/sec., the shaft torque developed by the wind turbine increases also, and
the induction generator will be accelerated. As the rotor speed increases, the induction
generator terminal voltage tends to increase. Hence, the LQG controller will increase
the firing angle of the rectifier in order to keep the DC link voltage at the specified
level.

On the other hand, as the wind velocity increases, the power output of the wind turbine
will increase because it is proportional to the cube of the wind velocity. Hence to track
and extract maximum available wind power, the inverter power output should be
correspondingly increased. Therefore, the LQG controller increases the inverter firing
angle in order to track the change of the wind power.

wind speed (m's) 28 rotor speed [radfs)
G5 ¢
HE| { 1
G J . |
b3 3i4
75 input targue (nm) reference and actual voltages
7 - ] 140 =
/ 120
GA 100
rectifier firing angle [dey) 0 link currert
12 ~ E 1.4}
] ! 1 12—
4 I/ 11
1l : S
180 reference and actual povwars [ 150 inverter firing angle (deg)
h
170 45
150 . 140 L
1 5 1a 0 5 10
t[sec) t (zec)

Fig. 4: Dynamic responses of the wind energy conversion system
with the proposed LQG controller

7. CONCLUSIONS
This paper presents the application of a high dynamic optimal regulator to
control a wind driven induction generator connected to the utility grid via AC-DC-AC
asynchronous link. Thus, the LQG controller has been used to regulate the rectifier
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output voltage and track the maximum available wind power. The complete nonlinear
dynamic model of the system has been described and linearized around an operating
point. The standard Kalman filter technique has been employed to estimate the full
states of the system. The stator current components are the only measured signals. The
computational burden has been minimized to a great extent by computing the optimal
state feedback gains and the Kalman state space model off-line. The proposed
controller has the advantages of robustness, easy implementation and good
performance in the face of uncertainties.

Computer simulations have been carried out in order to evaluate the
effectiveness of the proposed controller. The results prove that accurate tracking
performance of the propsed wind energy scheme has been achieved at step change in
wind speed. Moreover, this scheme is robust against the parameters variation and
eliminates the influence of modeling and measurement noises.
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Appendix A
The elements a,; of the 9 x 9 matrix A are :
a; =R K, =110/ CVio)

2\3nl
1CV o) - (‘/—” ROLL LTINS

= _(I s m
" ﬂCOVdsO ’

a3 =—a, =-RK, , a,=-Ko,L, , as=-KL,1,, KL, ;

243
+

—nl - Sina,,

qs0 2~+/3nl , , sinx
ag = z 2 )_KZa)mOLm » Ay :_( \/—n = RO) ’
Co (V 150 ) 7C ()VdsO
(2\/_”1(&0 cos aRO)
as = ,
e 7ZC VdsO
2\/_nl sin
=(21,,/CyV,0)+( o —)+K,0,,L,
2! a0 0 ﬂCOVdSO e
a22 = _RSKI . = _Kla)mOLm 9 K LmIqSO +K Lmlqro ’

2.3

2 .
[ ,)" + —7[ nl ol peo SIN Ay | 2\/5711%0 sin a4,
QAye = 2 -K, , ay-= ’
Co (Vi) 7CV s
2\/§nIDCOIqYO COS gy
Apg = : , ay,=a,, =RK, , a,=K,0,,L, ,
ﬂCOVdsO

a; =a,, =—R (1+K,L )/L

2.3

Iqs0 + —7[ nl o SIN Qg

3y =—0y3 =~ cv +K0,,L, ,
0V as0
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12\/5

=KoL 1o+ K, L] _ et Mot I
35 = Mot tdso 1Ll gy a6 =( C, (deo)z Mo
a, = 2\/§nldr0 sin o, Cay = - 2\/§nIDCOIdrO COS U g ’
CoVaso 7CoV 40
ay, =,/ CV,)-K,o,,L . as=-K,LI  +KLI,

23

I, o+——nl,,sina '
a0 T bco RO B NE 20 SN Ay

a = —( )I r + K ’ a B
° Co(Vi)’ T aCVa,
230l o1, cOS
= DCO” 410 =, a5, =3P°L,1,,/2J . ay,=-3P°L,1,,/2J ,
ﬂCOdeO
1
as; =—3P°L,1,,/2J, as, =3P°L,1 ,/2J , as;=—f1J ., ag= N
0
—23ncosa R0 2+/3n1 pe SIN Oy, 33
ag, = . g = . g = ncosa,
7C, 7C, Ly
3x, 343 .
a;; = (=Rpe — 7; M Lpe » a5 = (_7”Vdso SiNQgg)/ Ly

' 343
a9 = (_Tnvdso SN o)/ Lye, agq = (_Tncos Uro)

33 33

Aos = (——7[ nl ey COSAgy) . Ayr = (——7Z nV,,cos ),

3.3

Agg = ( 1Vl peo SINAg,)

T
Uiy =Uhg = Ay = Uyg = dss = Us; = Usg = Asg =g = U3 =gy = g5 = dgg = Agg =0,
A7) =0y =0y3 = Qg = Uy =g, = dgy =gy = Ay, = g5 = gy =dgg =0,

Ag) = Agy = g3 = Uy, = A5 =gy =0 .
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Appendix B : System Parameters

Wind Turbine :
Rating : 1 kw, 450 rpm (low speedside ) at V = 12 m/s.
Size : Height=4m , Equator radius=1m , Sweptarea=4m’, p=1.25kg/ m’.

Induction Machine :
Rating : 3-phase, 2kw , 120V, 10 A, 4-pole, 1740 rpm .
Parameters : R, =0.62 Q , R =0.566 Q2 , L = L =0.058174 H., L =0.054 H,

J=0.0622 kgm®, f=0.00366 N.m./rad/s.

DC Link : R, =17Q, L, = 0.15H.,

Self Excitation Capacitor:
Rating : 176 uf /phase, 350 V,8 A.

L) By Jary ia Aga B Cpial) aSatl)
e gard) ASpdlly Jucia g

2 Sl (LQG) (dll an Al udlas oSata aladind &) 5580 o8 Gual Jaa 4
Mu)aweu_-nﬂ\ Jaa u}S.uj Ch}\ﬁ&:wﬂy?&awumu\oJJﬂU@\
O A sanll A3 ) S gl Gl i Juatiy S ol gy USilS0n Aai e B0 50
DC ) s<ine i bl Lagin (0Sle 5 2 5a) )bV A0 Lt Jgaae Ba)k
(ALYl s e e g A aeall wladi ) 2 iRl aSaill Ciaga s (Link
o aSaill 3y sk (e Ay 13 5 AiSae Ay yeS Al ol A g1 2L e BalELY)
(oStal 5 32 sl LA L sme n S Lo i ) i 81 ealic Jladl U5 5

bn (Al abigaig ~ el aUaill LA -3 gl Coia g Loyl Gl a8 5 8
_QLL':;S\ a\)ﬁ:ﬁf 8l (Kalmn) OallS b e pladinl o3 B 33asa Jae sy Jsa
Y alaall 483 ane 5l bl e AasUl) eUaa¥L Y g aUaill palic jahy A6 Y
ARV | N TEP R P DNERAN |
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